The amplification of speech sounds by hearing aids only partially improve speech intelligibility for sensorineural hearing loss. Previous research has identified the indiscernible consonants in Japanese monosyllables, but it remains unclear which acoustical features in those consonants cause hearing difficulty. Therefore, the aim of this study is to clarify the influential factors in speech intelligibility using the autocorrelation function (ACF), which can capture the temporal features of signals. We compared the ACF factors with the percent articulations obtained by a Japanese speech intelligibility test (n = 144). The time-series factors were calculated by running ACF along a monosyllable which then represented the median values of the ACF factors. Results showed the effective duration (τe [ms]) of the ACF was correlated with the averaged percent articulations among the consonants (r = 0.87, p < 0.01). Variable τe indicates the temporal fluctuation of speech signals including its fundamental frequency. Deteriorated perceptual function for temporal fluctuation may reduce recognition ability of the consonants, and thus the application of ACF analysis for hearing aids may help improve the hearing of patients with sensorineural hearing loss.
INTRODUCTION
The amplification of speech sounds by hearing aids can only partially improve speech intelligibility for sensorineural hearing loss. In Japanese medical institutions, the speech perception of patients with hearing loss is evaluated by the percentage of correctly answered 20 Japanese monosyllables (e.g., "a", "ki," "tsu"). Patients with conductive hearing loss can achieve almost 100% accuracy when the monosyllables are presented louder; however, patients with sensorineural hearing loss achieve a maximum peak of around 40 to 80% even when the sound stimuli are presented at the most comfortable level. In such conditions, patients can hear but not identify the monosyllables. In general, the main function of a hearing aid is the amplification of sound, and thus for patients with sensorineural hearing loss, hearing aids can only offer limited benefits during conversation.
Previous studies have investigated the speech intelligibility of patients with sensorineural hearing loss, and identified the indiscernible consonants in Japanese monosyllables [1] [2] [3] . These studies reported that the monosyllables in the /k/ and /y/ rows of the Japanese syllabary were discerned the easiest, while those in the /n/ and /d/ rows were discerned with the most difficulty. The rank order of the discernibility of consonants is often explained abstractly based on their limited degree of output in the high frequency range and on decreases of temporal resolution, both of which are characteristics observed in presbycusis. However, no previous study has explained these differences in discernibility clearly using physical factors extracted from monosyllables.
One previous study reported that the dechotic gap detection threshold (d-GDT) was correlated with the maximum discrimination score (r = 0.50, p < 0.05) [4] . The d-GDT refers to the detection threshold of the silent temporal gap between the offset of a signal presented in one ear and the onset of a signal presented in the other ear [5] ; an increase in d-GDT indicates the deteriorated perceptual function of temporal resolution in the central auditory pathway. Therefore, it can be argued that speech intelligibility is affected by temporal resolution ability, and therefore that the temporal feature of monosyllables may explain the rank order of indiscernible consonants.
The autocorrelation function (ACF) is an established method of temporal analysis of auditory nerve processes [6] . Although the ACF is often used to explain pitch identification, some studies have used it to extract the temporal factors in monosyllables; these factors were then analyzed in relation to speech intelligibility in different sound fields [7, 8] . Although the subjects in these previous studies had normal hearing, the temporal factors extracted from the ACF analysis may also help explain the issue of speech intelligibility among patients with sensorineural hearing loss. The aim of the present study, therefore, is to clarify the influential factors in speech intelligibility using the ACF analysis. The ACF factors were compared with the percent articulations obtained through a Japanese speech intelligibility test.
METHODS

Rank Order of Indiscernible Consonants
Aakasaka et al. examined the percent articulations of 50 Japanese monosyllables for 144 ears in 75 patients (male: 35, female: 40) visiting the Department of Otorhinolaryngology of Nara Medical University [3] . The 50 monosyllables were chosen based on their high frequency of use in Japanese sentences ( Table 1 ). The patients' ages ranged from 22 to 90 (69.9 ± 13.7 years), and their pure tone average (PTA) was 49.0 ± 13.7 dB. The patients represented the following types of audiograms: high tone deafness (60.4%), horizontal deafness (20.8%), convex deafness (11.1%), concave deafness (2.7%), and other (5.0%).
The speech intelligibility test was carried out in a sound insulated room. First, an intelligibility decay curve using only 20 monosyllables was established for each patient based on the decreasing output level of a set of headphones (57S-word table, Audiology, Japan). Second, the full speech intelligibility test of 50 monosyllables was administered at the headphone output level which provided the maximum score for each patient (67S-word table, Audiology, Japan). Finally, by summing the total scores obtained from all 75 patients (144 ears), the rank order of indiscernible monosyllables was determined.
Of the 50 monosyllables, each of the /a/, /k/, /s/, /t/, /m/, and /r/ rows of consonants has 5 full monosyllables with different vowels (/a/, /i/, /u/, /e/, and /o/). According to a two-way analysis of variance (ANOVA) of these monosyllables, the changes of vowel and consonant affected the percent articulation insignificantly (F 4, 20 = 1.82, p = 0.17) and significantly (F 5, 20 = 7.43, p < 0.01), respectively. Therefore, the averaged percent articulation for each consonant was compared with the ACF factors. 
Autocorrelation Function (ACF) factors
The temporal characteristics of the monosyllables were evaluated by factors extracted from the ACF of each sample [9] . The normalized ACF of a signal is
and where 2T is the integral interval, W is the time delay, and p'(t) is the signal after passing through the A-weighting filter. The ACF factors are the (1) energy represented at the origin of the delay ()(0)), (2) delay time of the maximum peak (W 1 ), (3) amplitude of the first maximum peak (I 1 ), (4) effective duration (W e ), defined by the delay time at which the envelope along the early decay of the normalized ACF becomes -10 dB, and (5) width of the peak at W = 0 (W I(0) ), defined by the doubling of the delay time at which the normalized ACF becomes 0.5 at the beginning. The definitions of these ACF factors are illustrated in Figure 1 .
Because the ACF factors in monosyllables vary as a function of time, they were calculated in the integral interval (2T) that moves along with the duration of the monosyllable. In our study, a running ACF using a 2T of 80 ms, with 5 ms sliding steps, was calculated. Figure 2 shows the fluctuation of the ACF factors of the /ki/ and /sa/ monosyllables as a function of time. Variable )(0) indicates the physical sound energy; W 1 and I 1 correspond to the fundamental frequency and pitch strength of the voice, respectively. Variable W e indicates the tonal comportment included in the voice, and therefore a low W e can be observed in the noisy portion of the early part (< 100 ms) of /sa/. Variable W I(0) indicates the spectral centroid of the monosyllable passing through the A-weighted filter. Because the obtained ACF factors are not normally distributed, the represented value for each factor was determined by the median values. Figure 3 shows the relationship between the percent articulation of the consonants and the ACF factors. While the variables )(0), W 1 , I 1 , and W I(0) were not correlated, variable W e had a high correlation with the percent articulation (r = 0.87, p < 0.01). Although differences in vowels did not significantly affect the intelligibility as described previously, the averaged percent articulation for each vowel had a tendency to decrease as I 1 became larger (r = -0.71, p = 0.18). When W e /I 1 was introduced, the percent articulation of all 50 monosyllables could be estimated with a high correlation (r = 0.76, p < 0.01). Figure 4 shows the averaged W e of each consonant. The clearly heard consonants (e.g., /a/, /k/, /y/) had longer W e values, while the indiscernible consonants (e.g., /n/, /d/, /b/) had shorter W e values. 
RESULTS
DISCUSSION
In the field of room acoustics, the effective duration W e indicates a repetitive feature or reverberation containing a music source, and the most preferred initial time delay gap and reverberation time of a hall with respect to the music source are defined by formulas using W e [9] . Similarly, in the field of brain research, the longer W e of electroencephalogram (EEG) and magnetoencephalogram (MEG) alpha rhythms can be observed when a subject sees a flickering light at his preferred rate [10, 11] ; the W e of MEG alpha rhythms also correlates with annoyance perceived by bandpass noise and pure tones [12] . As for our current study in speech communication research, the results indicate that the W e of Japanese monosyllables correlated with the rank order of the indiscernible consonants of patients with sensorineural hearing loss (Figure 3d) . Furthermore, while the sound pressure level in low frequency ranges (< 500 Hz) was found to be correlated with the subjective loudness of the monosyllables (See Appendix), it was not correlated with the percent articulation (r = 0.18, p = 0.53). Thus, we can conclude that the reason why patients with sensorineural hearing loss cannot discern speech is not due to the loudness of the speech.
In addition to percent articulation, the problem of consonant confusion is another factor in sensorineural hearing loss. In Japanese, the monosyllables in the /s/ row are heard incorrectly as belonging to the /h/ row, and those in the /h/ and /t/ rows are heard incorrectly as belonging to the /k/ row [2] . As shown in Figure 4 , it is interesting that the monosyllables with longer W e values are heard instead of those with shorter W e values among the voiceless consonants. In addition, for the voiced consonants, the monosyllables beginning with /n/, /m/, and /d/ are heard incorrectly as beginning with /r/, while the same hierarchy of W e is maintained. While the finding that monosyllables with longer W e values had a higher percent articulation (Figure 3d ) suggest that signal processing to expand the W e values of monosyllables may improve speech intelligibility, consonant confusion data show that this is probably not the case. In fact, sensorineural hearing loss actually expands the perceived W e values of monosyllables with shorter W e values while simultaneously confusing them with monosyllables having longer W e values. Therefore, we conclude that it is important to control the perceived W e values in their original lengths. How can the W e values be controlled in a desired way by signal processing? One solution is to control the temporal fluctuation of the fundamental frequency (F0) of a voice. In a sustained part of a vowel, the amplitude peak corresponding to F0 continues periodically, but a real voice actually has fluctuations of F0 (jitter). When the temporal fluctuation of F0 becomes narrow, the sustained part of a vowel approximates a perfect tonal component, and as a result the W e becomes longer. In this study, the fluctuation of F0 was controlled by the signal processing algorithm "STRAIGHT" [13] . Using this algorithm, the continued F0 was calculated in 1-ms steps from an original monosyllable, and the modulated monosyllable was then synthesized after changing the standard deviation of F0. Figure 5a shows examples of an F0 time series, whose standard deviation was multiplied by 0, 1 (original fluctuation), and 2. Figure 5b shows the change of W e by magnification of the standard deviation. The adjustment of the fluctuation of F0 can control the W e value with high accuracy.
Considering these results, we can hypothesize that the low recognition ability of consonants may be related to the deteriorated perceptual function for temporal fluctuation. For patients with sensorineural hearing loss it may be difficult to perceive the temporal fluctuation of F0 due to the decay of temporal resolution, and as a result the W e values of perceived monosyllables become longer than those perceived by people with normal hearing. Thus, patients with sensorineural hearing loss confuse the monosyllables they are hearing with different consonants that have an equivalent W e length. If this hypothesis is correct, then the shortening of W e an appropriate duration may assist in hearing monosyllables correctly. Therefore, an emphasis on temporal fluctuation (magnification > 1) in response to the progression of hearing loss may improve speech intelligibility; furthermore, the application of ACF analysis for hearing aids may be beneficial to the hearing of patients with sensorineural hearing loss. In future work, we plan to estimate the scale reduction of W e for patients based on their degree of consonant confusion. This approach will allow us to verify whether the corresponding signal processing results in a greater increase in percent articulation.
APPENDIX (SUBJECTIVE LOUDNESS OF MONOSYLLABLES)
Even if A-weighted continuous equivalent sound pressure levels (L Aeq ) are equal in their number of monosyllables, their subjective loudness may differ. A previous study measured the subjective loudness of a speech data set as part of a word intelligibility test "FW03" [14, 15] . The L Aeq of the 100 monosyllables in the data set were identical. In the study [15] , the subjective loudness of 99 Japanese monosyllables was adjusted in relation to the loudness of the monosyllable /a/. The resulting adjusted loudness levels varied from -12.6 dB to 1.9 dB based on a loudness of 0 dB for the monosyllable /a/.
In our current study, the physical factors calculated from the monosyllables were compared with their subjective loudness. Results showed that sound pressure levels below 500 Hz had a high correlation with subjective loudness ( Figure A1) ; the correlation coefficients were -0.91 (p < 0.01) for the male speaker and -0.88 (p < 0.01) for the female speaker. The sound energy in the low frequency range had the effect of increasing subjective loudness. While the correlation coefficients between the loudness and the ACF factors were low (e.g., r = 0.001 for )(0), r = 0.11 for W 1 , r = -0.38 for I 1 , r = -0.40 for W e , and r = -0.05 for W I(0) for the male speaker). The ACF factors were calculated from the A-weighted signal (p'(t)), as shown in Equation (2), and thus the lack of energy in the low frequency causes the ACF factors to be less associated with subjective loudness. Figure A1 . Relationship between subjective loudness and sound pressure level below 500 Hz for (a) male speaker and (b) female speaker.
